Abstract: This paper presents an intelligent control method for tunnel lighting based on traffic volume. The monitoring data for a period of 12 days of the Chibai tunnel (located in the Jilin province of China) under different weather conditions was selected as the case study. The data used in the analysis included traffic volume, vehicle speed, the time of light-emitting diodes (LEDs) operating at their lowest luminance level, and the average time interval between two consecutive vehicles. The traffic flow analysis indicated that the tunnel has a relatively heavy traffic volume in the daytime (7:00 a.m. to 6:00 p.m.) and a relatively low traffic volume in the nighttime (12:00 a.m. to 6:00 a.m. and 7:00 p.m. to 12:00 a.m.). Thus, we propose a tunnel lighting control method that distinguishes day and night operational strategies. In the daytime, the luminance of tunnel zones depends on tunnel exterior luminance, traffic volume and vehicle speed regardless of vehicle presence. In the night, the "vehicle in, light brightens; vehicle out, light darkens" control method is adopted for the tunnel luminance, which depends on vehicle presence.
Introduction
Unlike an open road, a tunnel road is a relatively enclosed space where the lighting abruptly changes from bright to dark ("black hole") at the entrance of the tunnel and from dark to bright light ("bright hole") at the exit of the tunnel (see Figure 1) . The above abrupt changes produce the "adaptation lagging phenomenon", where drivers require an adaptation time to discern the targets and objects of the tunnel interior [1] [2] [3] [4] . Thus, the lighting lamps should be installed in order to provide adequate luminance at the tunnel entrance and the threshold zone to allow time for eye adaptation. Currently, energy consumption of tunnel lighting is larger than half of tunnel total energy consumption [5, 6] . Hence, research on tunnel lighting energy saving has received significant attention in the last few years [7] [8] [9] [10] [11] [12] [13] .
In order to meet the requirements of traffic safety and energy saving of tunnel lighting, various methods and technologies are adopted to minimize energy consumption in tunnel lighting systems. In particular, many intelligent lighting control technologies were developed to take advantage of the latest developments of light-emitting diodes (LEDs), which provide benefits of providing high luminance, requiring less maintenance and starting up faster compared to commonly used light sources [14] [15] [16] [17] . A commonly proposed intelligent control method consists of maintaining the LEDs in low power mode when there are no vehicles in the tunnel and adjusting the LEDs in accordance with the exterior environmental luminance when there are vehicles approaching the tunnel. According to Nagai et al. [18] , the aforementioned method is limited to conditions when there are not frequent frequent changes in the lighting operational modes or the traffic flow is relatively low (traffic volume of each day is less than 500 vehicles), which would not be suitable for relatively high-traffic volumes. This paper describes an intelligent control method for tunnel lighting, which distinguishes day and night operational strategies. During the day, when the traffic volume is relatively heavy, the luminance of tunnel interior is determined by tunnel exterior environmental luminance, traffic volume and vehicle speed. The latter strategy avoids the frequent change of lighting operational modes, which would extend the lifetime of the lighting system. During the night, the traffic flow is relatively low, and the time interval between two consecutive vehicles is longer than daytime. For these conditions, a "vehicle in, light brightens; vehicle out, light darkens" energy-saving control strategy is adopted. The proposed intelligent control method aims to ensure traffic safety while maintaining the reliability of the lighting control system in the tunnel.
Tunnel Lighting Control Method Literature Review
The methods for tunnel lighting control have undergone three stages: manual control, sequential control and automatic control. Manual control, which is the earliest method employed in tunnel lighting, consists of turning lights on and off for different lighting circuits by the monitoring persons according to driving characteristics in an expressway tunnel during the day [19] [20] [21] . Sequential control divides the tunnel lighting operational modes into several categories according to the seasons and hours of the day [22] . Even though the two above methods are reliable and easy to implement in practice, the low degree of automation results in poor continuity and uniformity of luminance in tunnel interior [23] . Furthermore, when using the above two control methods, the lighting systems are generally not adjusted to the state of low energy consumption, even when there are no vehicles in tunnels. In addition, when using the above two control methods, the tunnel interior luminance is not adjusted according to the exterior environmental luminance, which leads to considerable waste of electrical energy [24] .
Automatic control methods are designed to adjust automatically the tunnel interior luminance according to the exterior environmental luminance, traffic volume and vehicle speed, which makes it possible for more energy to be saved than the two aforementioned methods. Nagai [18] proposed an energy-saving system where the tunnel lighting is in standby mode when there are no vehicles in the tunnel. In this condition, the energy consumption can be as low as 12.5% of the maximum power. This paper describes an intelligent control method for tunnel lighting, which distinguishes day and night operational strategies. During the day, when the traffic volume is relatively heavy, the luminance of tunnel interior is determined by tunnel exterior environmental luminance, traffic volume and vehicle speed. The latter strategy avoids the frequent change of lighting operational modes, which would extend the lifetime of the lighting system. During the night, the traffic flow is relatively low, and the time interval between two consecutive vehicles is longer than daytime. For these conditions, a "vehicle in, light brightens; vehicle out, light darkens" energy-saving control strategy is adopted. The proposed intelligent control method aims to ensure traffic safety while maintaining the reliability of the lighting control system in the tunnel.
Automatic control methods are designed to adjust automatically the tunnel interior luminance according to the exterior environmental luminance, traffic volume and vehicle speed, which makes it possible for more energy to be saved than the two aforementioned methods. Nagai [18] proposed an energy-saving system where the tunnel lighting is in standby mode when there are no vehicles in the tunnel. In this condition, the energy consumption can be as low as 12.5% of the maximum power. When the approach of a vehicle is detected, the tunnel interior luminance is turned up to 100% of the lighting condition. Carni [25] introduced an intelligent control method for tuning automatically the tunnel interior luminance based on input signals of external luminance, climatic condition and traffic volume. Yi [26] presented a control LED tunnel lighting system based on the external luminance of the tunnel, vehicle speed and traffic flow. In this approach, the tunnel lighting is adjusted following the illumination curve of CIE (Commission internationale de l'éclairage) standards [27] , which makes the dark and bright adaptation process more natural, which in turn safeguards the driving in the tunnel. Zeng [28] designed a fuzzy control strategy with stepless dimming for tunnel lighting and energy conservation. In this strategy, the LEDs automatically adjust to their minimum illumination when there are no vehicles in the tunnel. Musa [29] developed an adaptive tunnel lighting system where tunnel LEDs' luminance is divided into three levels according to integration of presence of vehicle and light intensity. In this system, in-tunnel lighting would be adjusted to the maximum luminance (level 3) when there are vehicles in the tunnel and the light intensity is above average. During the night when there are no vehicles in the tunnel, in-tunnel lighting would be adjusted to the minimum luminance (level 1). Otherwise, in-tunnel lighting would be adjusted to another luminance (level 2).
Until now, most research focused on methods and technologies for reducing energy consumption and related costs. One very common method for reducing energy consumption is to reduce the luminance level whenever there is no traffic flow in the tunnel. Although this method is proposed by many researchers, it has not been widely adopted in practice due to the frequent and fast switching of different control modes in relatively high-traffic tunnels.
Demand Luminance for Tunnel Interior
In order to ensure that the vehicular traffic traverses the tunnel in the most comfortable and safe way possible [30] , the demand luminance of each zone in a tunnel is calculated based on tunnel exterior environmental luminance, driving speed and traffic flow. The adaptation curve of the tunnel luminance is shown in Figure 1 . The CIE Publ. 88 [27] and the "Guidelines for Design of Lighting of Highway Tunnels (China, JTG-2014)" [31] standards divide the longitudinal section of the tunnel into five zones with different levels of demand luminance [32] : Access zone (L acc ); Threshold zone (L th ); Transition zone (L tr ); Interior zone (L in ), and; Exit zone (L ex ).
The calculation of zone lengths and interior luminance varies depending on the standards adopted or developed by a country. It is worth mentioning that the standard in CIE Publ. 88 (2004) was used by most countries for adapting the zone lengths and interior luminance to their specific regulations and conditions. The equations in Table 1 for luminance calculation are obtained by linear regression according to the data in JTG-2014 [33, 34] . In Table 1 , L 20 (S) is the real-time exterior environmental luminance (cd/m 2 ), which is the average luminance in the 20 • conical field of view defined at the stopping distance (SD) from the tunnel entrance ; v is the vehicle speed (km/h), and N is the traffic volume (veh/(h·ln). Table 1 . Equations for luminance calculation in the zones shown in Figure 1 .
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Structure of Tunnel Lighting Control System
The proposed tunnel lighting energy-saving control method uses the Chibai Tunnel (Tonghua City), in the direction from Tonghua City to Shenyang City as a case study. The Chibai tunnel ( Figure  2 ), which is located on TongShen highway in the Jilin Province of China, has a length of 1878 m, a width of 10.5 m, a height of 7.45 m, a speed limit of 60 km/h and a design vehicle speed of 80 km/h. Figure 3 depicts the schematic of the hardware architecture of the Chibai tunnel lighting control system [35] . The hardware system mainly consists of vehicle detectors, luminance detector, LED dimming controllers, monitoring cameras, optical transmission network, tunnel lighting lamps, server and lighting control software in the tunnel operational monitoring center. The vehicle detectors [36] include the infrared detector and loop vehicle detector, and they are installed outside of the tunnel entrance to detect if vehicles are about to enter the tunnel, vehicle speed and traffic volume [37] . The luminance detector is placed about a stopping distance (which varies according to design vehicle speed) from the tunnel entrance. The monitoring cameras are placed 3.5 m above the right wall of the tunnel at intervals of 120 m to obtain an optimal view of the road and passing vehicles. The processing of image signals captured by the monitoring cameras is used to detect if there are vehicles in the tunnel [38] [39] [40] . The tunnel lighting software fully controls the tunnel lighting system by sending commands to LED dimming controllers through an optical transmission network and adjusting LED lamps' power.
Traffic Statistical Analysis of the Chibai Tunnel
The monitoring data of 12 days that includes various conditions, such as weekends, weekdays, holidays, sunny days, cloudy days, and so forth, was selected for the present analysis. Figure 4 shows the vehicle speed percentage distribution for each of the 12 days [41] . As can be observed in this figure, most vehicles speed range between 51 km/h and 90 km/h, and few of them exceed a speed of 110 km/h. include the infrared detector and loop vehicle detector, and they are installed outside of the tunnel entrance to detect if vehicles are about to enter the tunnel, vehicle speed and traffic volume [37] . The luminance detector is placed about a stopping distance (which varies according to design vehicle speed) from the tunnel entrance. The monitoring cameras are placed 3.5 m above the right wall of the tunnel at intervals of 120 m to obtain an optimal view of the road and passing vehicles. The processing of image signals captured by the monitoring cameras is used to detect if there are vehicles in the tunnel [38] [39] [40] . The tunnel lighting software fully controls the tunnel lighting system by sending commands to LED dimming controllers through an optical transmission network and adjusting LED lamps' power.
The monitoring data of 12 days that includes various conditions, such as weekends, weekdays, holidays, sunny days, cloudy days, and so forth, was selected for the present analysis. Figure 4 shows the vehicle speed percentage distribution for each of the 12 days [41] . As can be observed in this figure, most vehicles speed range between 51 km/h and 90 km/h, and few of them exceed a speed of 110 km/h. Figure 5 shows the traffic volume distribution for each of the 12 days. As shown in Figure 5 , there are two peak periods, the first between 8:00 a.m. and 10:00 a.m., and the second between 1:00 p.m. and 3:00 p.m. Figure 5 also shows that the hourly traffic volume between 8:00 a.m. and 3:00 p.m. is higher than any other hours of the day. Furthermore, Figure 5 shows that the number of vehicles from 12:00 a.m. to 6:00 a.m. and from 8:00 p.m. to 12:00 a.m. is less than about 40 vehicles per hour, excluding the h line, which corresponds to the traffic volume of Labor Day in China. Moreover, the number of vehicles from 12:00 a.m. to 4:00 a.m. and from 10:00 p.m. to 12:00 a.m. is less than about 20 vehicles per six hours. Moreover, and not surprisingly, the traffic volume on Labor Day is substantially higher than the regular working days.
As mentioned above, when there are no vehicles in the tunnel, the tunnel lighting is set at the lowest luminance level. For this condition, the blue dashed lines in Figure 6a -l show the total time of LEDs operating at their lowest luminance level at each hour for day 1 to day 12, respectively. The black solid lines in these figures show the corresponding average time interval between two consecutive vehicles at each hour for each of the 12 days. According to the analysis of vehicle speed for the period of 12 days, the average vehicle speed is 59.9 km/h. And vehicle detectors are about 500 Figure 5 shows the traffic volume distribution for each of the 12 days. As shown in Figure 5 , there are two peak periods, the first between 8:00 a.m. and 10:00 a.m., and the second between 1:00 p.m. and 3:00 p.m. Figure 5 also shows that the hourly traffic volume between 8:00 a.m. and 3:00 p.m. is higher than any other hours of the day. Furthermore, Figure 5 shows that the number of vehicles from 12:00 a.m. to 6:00 a.m. and from 8:00 p.m. to 12:00 a.m. is less than about 40 vehicles per hour, excluding the h line, which corresponds to the traffic volume of Labor Day in China. Moreover, the number of vehicles from 12:00 a.m. to 4:00 a.m. and from 10:00 p.m. to 12:00 a.m. is less than about 20 vehicles per six hours. Moreover, and not surprisingly, the traffic volume on Labor Day is substantially higher than the regular working days.
As mentioned above, when there are no vehicles in the tunnel, the tunnel lighting is set at the lowest luminance level. For this condition, the blue dashed lines in Figure 6a -l show the total time of LEDs operating at their lowest luminance level at each hour for day 1 to day 12, respectively. The black solid lines in these figures show the corresponding average time interval between two consecutive vehicles at each hour for each of the 12 days. According to the analysis of vehicle speed for the period of 12 days, the average vehicle speed is 59.9 km/h. And vehicle detectors are about 500 m outside the entrance to tunnel, so it will take 2.38 min ((1878 + 500 m)/(59.9 km/h)) for a vehicle to drive out of the tunnel from vehicle detected by detectors.
Sustainability 2017, 9, 2208 6 of 12 m outside the entrance to tunnel, so it will take 2.38 min ((1878 + 500 m)/(59.9 km/h)) for a vehicle to drive out of the tunnel from vehicle detected by detectors. Thus, if the time interval between two consecutive vehicles is less than 2.38 min (black solid lines in Figure 6 ), there is no time for LEDs to operate at their lowest luminance level. In fact, as shown in Figure 6 , when the average time interval between two consecutive vehicles is less than 2.38 min, LEDs operated at their lowest luminance level for a period of less than 10 min. m outside the entrance to tunnel, so it will take 2.38 min ((1878 + 500 m)/(59.9 km/h)) for a vehicle to drive out of the tunnel from vehicle detected by detectors. Thus, if the time interval between two consecutive vehicles is less than 2.38 min (black solid lines in Figure 6 ), there is no time for LEDs to operate at their lowest luminance level. In fact, as shown in Figure 6 , when the average time interval between two consecutive vehicles is less than 2.38 min, LEDs operated at their lowest luminance level for a period of less than 10 min. Thus, if the time interval between two consecutive vehicles is less than 2.38 min (black solid lines in Figure 6 ), there is no time for LEDs to operate at their lowest luminance level. In fact, as shown in Figure 6 , when the average time interval between two consecutive vehicles is less than 2.38 min, LEDs operated at their lowest luminance level for a period of less than 10 min. Table 2 presents the time period when the time interval between two consecutive vehicles (TP1) is less than 2.38 min for each of the 12 days. This table also shows the time period when LEDs are operating at their lowest luminance level (TP2) is less than 10 min. As can be inferred from Table 2 , a TP1 of less than 2.38 min corresponds to the time between 7:00 a.m. and 6:00 p.m. for each of the 12 days. Likewise, a TP2 less than 10 min corresponds to the time between 7:00 a.m. and 6:00 p.m. for each of the 12 days. A small value of TP1 in Figure 6 indicates a relatively large traffic volume as the time interval between two consecutive vehicles is small. On the contrary, a large value of TP1 indicates a relatively low traffic volume. Similarly, a large value of TP2 indicates a relatively low traffic volume as the LED system operated at their lowest luminance level for a relative long time due to the presence of no vehicles in the tunnel. On the contrary, a small value of TP2 indicates a relatively large traffic volume. In the proposed method, we consider as daytime the period from 7:00 a.m. to 6:00 p.m. and as nighttime the period from 12:00 a.m. to 6:00 a.m. and from 7:00 p.m. to 12:00 a.m. During the daytime (heavy traffic volume), the tunnel interior luminance is determined by tunnel exterior environmental luminance, traffic volume and vehicle speed. During the nighttime (low traffic volume), the tunnel interior luminance adopts the "vehicle in, light brightens; vehicle out, light darkens" energy-saving control strategy, which depends on the presence of vehicles in the tunnel.
In order to implement the proposed intelligent control method, it is important to distinguish between the periods for daytime and nighttime. The results in Section 4 are based on the data collected in March, April and May of 2017. The traffic volume in the summer or winter would be significantly different from these months. However, in any season, the traffic volume is relatively heavy in the daytime and low during nighttime.
Proposed Tunnel Lighting Control Method
This paper proposes an intelligent tunnel lighting control method that distinguishes operational strategies during daytime and nighttime. The operational strategy of the nighttime (from 12:00 a.m. to 6:00 a.m. and 7:00 p.m. to 12:00 a.m.) adopts a "vehicle in, light brightens; vehicle out, light darkens" control method, which depends on vehicle presence in the tunnel. During the daytime (from 7:00 a.m. to 6:00 p.m.), the tunnel interior luminance would be adjusted according to the tunnel exterior luminance, traffic volume and vehicle speed, whose luminance is calculated using the equations in Table 1 . Figure 7 presents the schematic of the operation of the tunnel lighting system. The infrared and loop vehicle detector together are used to detect the vehicle speed and the traffic volume. The luminance detector is used to collect the exterior environmental luminance in real time. Monitoring cameras installed in the tunnel are used to detect if there are vehicles inside the tunnel. During the day and night, the lighting control server calculates the demand luminance of each zone in the tunnel using the equations in Table 1 (see the ticker solid line rectangular box in Figure 7 ). Following this, the server sends commands to the LED dimming controller to adjust the tunnel LEDs' luminance. This process is repeated continuously. During the night, when no vehicles are detected in the tunnel and no vehicles are about to enter the tunnel (dashed line box in Figure 7) , the LED lamps are adjusted to their lowest luminance level, which is 10% of the maximum.
Sustainability 2017, 9, 2208 9 of 12 Figure 7 presents the schematic of the operation of the tunnel lighting system. The infrared and loop vehicle detector together are used to detect the vehicle speed and the traffic volume. The luminance detector is used to collect the exterior environmental luminance in real time. Monitoring cameras installed in the tunnel are used to detect if there are vehicles inside the tunnel. During the day and night, the lighting control server calculates the demand luminance of each zone in the tunnel using the equations in Table 1 (see the ticker solid line rectangular box in Figure 7 ). Following this, the server sends commands to the LED dimming controller to adjust the tunnel LEDs' luminance. This process is repeated continuously. During the night, when no vehicles are detected in the tunnel and no vehicles are about to enter the tunnel (dashed line box in Figure 7) , the LED lamps are adjusted to their lowest luminance level, which is 10% of the maximum. 
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This study aimed to propose an intelligent control method for tunnel lighting based on traffic flow. The Chibai Tunnel, which is located in Tonghua City of Jilin Province of China, is used as the case study. The monitoring data of 12 days that includes various conditions, such as weekends, weekdays, holidays, sunny days, cloudy days, and so forth, was selected for the present analysis. The traffic flow analysis indicated that the tunnel has a relatively heavy traffic volume in the daytime (7:00 a.m. to 6:00 p.m.), and a relatively low traffic volume in the nighttime (12:00 a.m. to 6:00 a.m. and 7:00 p.m. to 12:00 a.m.). Thus, we propose a tunnel lighting control method that distinguishes day and night operational strategies. In the daytime, the luminance of tunnel zones depends on tunnel exterior luminance, traffic volume and vehicle speed regardless of vehicle presence. In the night, the "vehicle in, light brightens; vehicle out, light darkens" control method is adopted for the tunnel luminance, which depends on vehicle presence. The proposed method does not require image signal processing of the lighting control system during the daytime, which significantly simplifies the control system. The proposed method also reduces the average number of control switching in about 310 times per day, which would extend the system's service life.
